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HEAT TRANSFER PROBLEMS AND THERMAL STRESSES
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where: T(x,y,z,t) - temperature, g, — heat generation (W/m?), p — density (kg/m?),
A, Ay, A4, — thermal conductivity (W/mK), ¢ — specific heat (J/kg).

A steady-state thermal analysis may be either linear, with constant material properties; or
nonlinear, with material properties that depend on temperature. The thermal properties of
most materials do vary with temperature, so the analysis usually is nonlinear.

Transient thermal analysis determines temperatures and other thermal quantities that vary
over time. Many heat transfer applications--heat treatment problems, nozzles, engine blocks,
piping systems, pressure vessels, etc.--involve transient thermal analyses.

Temperature distribution that a transient thermal analysis calculates is often used as input to
structural analyses for thermal stress evaluations.

A transient thermal analysis follows basically the same procedures as a steady-state thermal
analysis. The main difference is that most applied loads in a transient analysis are functions of
time. To specify time-dependent loads the load-versus-time curve should be divided into load
steps.

If you use individual load steps, each "corner” on the load-time curve can be one load step, as
shown in the following sketches.
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Examples of load-versus-time curves — stepped and ramped loads

For each load step, you need to specify both load values and time values, along with other
load step options such as stepped or ramped loads , automatic time stepping, etc. You then
write each load step to a file and solve all load steps together.

Temperature-dependent coefficient of thermal expansion ax (T)

If a: is the thermal expansion coefficient then the typical component of thermal strain is
Eth= Ot (T) (T- To).

If To = Trer , Where Tres IS the reference temperature at which zero strains exist such a
coefficient is correctly used. If this condition is not true an adjustment must be made
(MPAMOD command in the Preprocessor).
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Thermal stresses

Thermal stresses usually are analysed using sequential method.

The sequential method involves two or more sequential analyses, each belonging to a
different field. You couple the two fields by applying results from the first analysis as loads
for the second analysis. In the case of thermal-stress analysis the nodal temperatures from the
thermal analysis are applied as "body " loads in the subsequent stress analysis

Ansys enables also using direct method which involves just one analysis that uses a coupled-
field element type containing all necessary degrees of freedom.

Analysis 1
LDREAD
' Results
Analysis 2 F”EE

Data flow for a sequential coupled field analysis.

Example 1 - thermal stresses in steady state heat flow

In the steel thick pipe we have the internal temperatureTw=100°C end external temperature
T,=20°C. The inner radius is a=30mm, and outer b=40mm. Show the temperature
distribution, von Mises stress and stress components in the cylidrical coordinate system.
E=2e11Pa, v=0.3, ox=1.2e-5 1/K, k=50 W/mK. Consider the pipe constrained in the axial
direction at both ends. T, - T,

Analytical solution (plane strain problem, Tre=0°C):

T(r>-TW+T;(:Tj |n[;)
e ) ]
oo} ) ) )

o,(r)=v(o, +oy)—AET

_ —Ea(T,-T,)

O 2(1-v)
From the above formulas we have e. g. ot(a)=-150.2 MPa,  ot(b)=124.1 MPa.
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Distribution of radial stress (Sx) ,hoop stress (Sy) , axial stress (Sz) and von Mises stress (Sred)
Cylindrical coordinate system
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Approach

The analysis may be performed using plane strain model (cross-section of the pipe),
axisymmetric model, or 3D model. In each case only a segment of the pipe may be analysed
with the adequate symmetry conditions.

Summary of steps in numerical analysis (3D):

Preprocessor

-define geometry of the analysed region (part of the cylinder),

-define the material properties (E,v,A,K)

-define the element type (thermal solid)

-specify the boundary conditions (temperatures Tw and T, applied on the adequate

areas)
ANSYS Main Menu @
Preferences 1= ELEMENTS
Preprocessor
Solution
@ Analysis Type Apply TEMP on Areas
= Fast Sol'n Optn & Pick  Unpiex
8 Define Loads
Settings @ Single (" Box
= Apply ¢ Palygen ¢~ circle
& Thermal C oo
B Temperature Count = O
2 On Keypoints Maximam = &
Z 0n Lines Minimom = 1
PAON Areas Area No. =
#0n Nodes
& Uniform Temp O BEE o T
B From Flotran (" Min, Max, Inc
Heat Flow
Convection
= Heat Flux _ -
Heat Generat appl
Radiation L!
Il e efe m o Bk Reset Cancel

-mesh the model

Solution
-solve the current load step (Solve>Current Load Step)

General Postprocessor
-review the results- plot the maps of interest and the temperature as the graph along
the path (thickness).

Preprocessor

- change the element type from thermal solid to structural solid (Element Type>Switch
Element Type)

- switch element technology to Enhanced Strain

1Preprocessor ‘

= Element Type
[=2lAdd/Edit/Delete
B5S

I\EIementTypes ‘ XS |

Defined Element Types:
ype 1 SOLID185

J\ SOLID185 element type options L-J

Options for SOLID185, Element Type Ref. No. 1

Element technology K2 Full Integration j

Full Integration

Layer construction K3 Reduced integration

Enhanced Strain
Simple Enhanced Strn

User defined initial stress K10 No USTRES routn -
OK Cancel Help

Element formulation Ké
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Solution

6

- apply the boundary conditions for stress analysis (Define Loads>Displacements>
Symmetry B.C.>On Areas)
- apply the nodal tempertatures as a load in stress analysis (file jobname.rth from
thermal analysis)

Preprocessor
Solution
Analysis Type
B Fast Sol'n Optn
@ Define Loads

= Settings

8 Apply

B Structural

NOV

Displacement

Force/Moment A\ Apply TEMP from Thermal Analysis
Pressure [LDREAD]TEMP Apply Temperature from Thermal Analysis
e Temper_ature Identify the data set to be read from the results file
j 8" ‘I‘.‘lnes LSTEP,SBSTEP,TIME
n Areas
Load step and substep no. l:l l:l
2 0n Volumes
#0n Keypoints | or
7 0n Node Compone| - .
Fname Name of results file file.rth Browse..
[From Therm Anal ‘ |—|
& Uniform Temp
oK Appl Cancel Hel
7 0n Elements —ox | ooy | | _tein |
2 0n Element Compa |

& Pretnsn Sectn
& Gen Plane Strain

e

Inertia ‘

- solve the current load step

General Postprocessor

- review the results - plot the stresses as graphs along the path (thickness).
Use cylindrical coordinate system: (Options For Output>Results Coordinate System)

Tasks and questions:

1. Repeat the analysis using 2D plane strain or axisymmetric model. Compare the
obtained results with the results corresponding to the 3D model.

2. Perform the adequate analysis for the pipe with unconstrained ends (without the
axial compression). Explain the differences.

3. Find the results corresponding to point 2, but with the 10mm insulation
(E=1*10° MPa, v=0.35, k= 0.1 W/m?K)

3. Repeat the calculations using the model of convection b.c. :

At the int. surface : bulk temp. 100C, film coefficient h=500W/(m?K)

At the ext. surface: bulk temperature 20C, film coefficient is  h=10W/(m?K).
Explain the results.

In each case save the results: FE mesh, temperature distribution and stress components
distributions in the form of contour plots and graphs along the path (thickness).
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Example 2 - thermal stresses in transient heat flow

Steel balls of diameter d=12mm are heated to T1=850°C and then quenched in oil. The
temperature of the oil is assumed as constantT,=40°C. Heat exchange coefficient at the
surface oil —the ball is  h=400W/(m?K).

How long should the balls stay within the oil bath to get the temperature T>= 100°C in the
centre?

What is the maximum von Mises stress during the process?

Material properties of the steel : density p=7800kg/m?, specific heat c=444J/(kgK), thermal
conductivity k=40W/mK, coefficient of thermal expansion o:=1.2e-5 1/K, Young modulus
E=2el1Pa, Poisson’s ratio v=0.3.
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Temperature of the ball as the function of time
a) temperature in the centreTw and at the surface (Tz)
b) the difference DT=Tw-Tz
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Temperature distribution (°C) and von Mises stress (Pa) after 48 seconds of cooling.

Approach

The analysis may be performed using axisymmetric or 3D model. In each case only a segment
of the ball may be analysed with the adequate symmetry conditions.

Summary of steps in numerical analysis (3D):

Preprocessor
-define geometry of analysed region (part of the sphere by intersection of sphere and

block),

-define material properties (E,v,A,K, p,C)

-define element type (thermal solid)

-specify the boundary conditions (convection on external surface with bulk
temperature 40°C, film coefficient 400W/m?K )
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5AVE DB| RESUM DB QuIT| POWRGRPH| AnsvSWEB | TUTORIAL| wHATSNEW |

ARSYS Main Menu

Preferences
Preprocessor Appl\lI CONWV on areas A
= Solution .
Analysis Type [SFA] Apply Fim Coef on areas |constant value 4
Fast Sol'n Optn
3 Define Loads
Settings

If Constant value then:

B Apply YALT Film coefficient a0
El Thermal
Temperature [SFA] Apply BUk Temp on areas [Corstant vae =

Heat Flow
& Convection
A 0n Lines
A
2 On Nodes
On Elements
From Fluid An:
Heat Fux
Heat Generat
Radiation
Field Surface Intr
Field Yolume Intr
Initial Condit'n
Load Yector
Functions
Delete
Operate
Load Step Opts
Physics
SE Management
E Results Tracking
Solve
FLOTRAN Set Up
Run FLOTRAN
FSI Set Up
MultiField Set Up
Radiation Opts
Diagnostics
General Postproc j

If Constant value then:
WALZI Bulk temperature 0

LKEY Load key, usually face no.

||

(required only for shel elements)

Ok | Apply Cancel Help

-mesh the model
Solution

- set type of analysis — ANALYSIS TYPE - transient (solution)-

save_pa| Resum_os| M POWRGRPH| ANSYSWER| TUTORIAL | wHATSNEW|

ANSYS Main Menu @

Preferences -
Preprocessor
= solution
B Analysis Type
o
Restart

Sol'n Controls New Analysis

ExpansionPass
Analysis Options [ANTYFE] Type of analysis

Fast Sol'n Optn
Define Loads
Load Step Opts
Physics
SE Management
B Results Tracking
solve
FLOTRAN Set Up
E Run ALOTRAN
FSI Set Up
MultiField Set Up
Radiation Opts
Diagnostics
General Postproc
TimeHist Postpro
Topological Opt
ROM Tool
Design Opt
Prob Design
Radiation Opt
Run-Time Stats

- set initial condition TREF=850°C (being the initial temperature)
-set time, time step and related parametrs (Load step options), e.g.:
time=50sec, time step 0.2 sec., stepped, auto time step OFF

® Tramsient

" Substruchuring

(04 Cancel | Heln |
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ANSYS Main Menu

Preferences
Preprocessor
E Solution
Analysis Type
Fast Sol'n Optn
Define Loads
E Load Step Opts
Output Ctrls
Solution Ctrl
= Time/ Frequenc
Time and Substps
Damping
Time Integration
Nonlinear
ExpansionPass
Other
Reset Options
Read LS File
Write LS File
Initial Stress
Physics
5E Management
Results Tracking
Solve
FLOTRAN Set Up
Run FLOTRAN
F5I Set Up
Multifield Set Up
ADAMS Connection
Diagnostics
Abridged Menu

ime and Time Step Options

Time and Time Step Options

[TIME] Time at end of load step I 50

[DELTIM] Time step size 250

[KBC] Stepped or ramped b.c.
 Ramped

@ Stepped

[AUTCTS] Automatic time stepping
oM

® OFF
" Prog Chosen
[DELTIM] Minimum time step size

Maximum time step size I

Use previoLls step size? |7 Yes

[TSRES] Time step reset based on specific time points -set

output controls ( file write sequency to every substep or every Nth step)

AMSYS Main Menu

®

Preferences
Preprocessor
= Solution
Analysis Type
Define Loads
B Load Step Opts
B Output Ctris
Grph Solu Track
Show Status
PGR File
Incl Mass Summry
Integration Pt
Other
Stop Solution
Reset Options
Read LS File
Write LS File
Initial 5tress
SE Management
Results Tracking
Solve
FSI Set Up
MultiField Set Up
ADAMS Connection
Diagnostics
Unabridged Menu
General Postproc
TimeHist Postpro

olution Printout Controls

[CUTPR] Solution Printout Controls

Item Item for printout control IBasiC quantities

| 4

FREQ Print frequency
" Mone

(" Last substep
(" Every substep
& Every Nih sUbstp

Walue of N I 2

{Use negative M for equally spaced data)

Cname Comporent rame - |A|| entities ~|

- for which abowve setting is to be applied

oK | Apply | Cancel | Help |

-solve Current Load Step

General Postprocessor

Read the results corresponding to the chosen time point
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AMSY'S Main Menu

H preferences
Preprocessor
Solution

E General Postproc
Data & File Opts
Results Summary
E Read Results
First Set

Next Set
Previous Set
Last Set

By Pick

By Load Step
By Time/Freq
By Set Number
FLOTRAN 2.1A
Plot Results

List Results
Query Results
Options for Outp
Results Viewer
Write PGR File
Nodal Calcs
Element Table
Path Operations
Surface Operations
Load Case

Check Elem Shape
Write Results
ROM Operations
Submodeling
Fatigue
Define/Modify

Nonlinear Diagnostics

[ S,

-review the results corresponding to the arbitrary point of time

Avalable Data Sets:

Set Time Load Step Substep Cumulative
1 0, 200010 1 1 1
2 0,40000 1 2 2
3 0,.20000 1 3 3
4 1 4 4
5 1 L 5
& 1,2000 1 & &
7 1.4000 1 7 7
a 1.6000 1 =] =
9 1.8000 1 9 9
10 2.0000 1 10 10
11 2,2000 1 11 11
12 2.4000 1 12 12
13 2.6000 1 13 13
14 2.8000 1 14 14
15 3.0000 1 15 15
16 3.2000 1 16 16

Read Mext |
%
Close |
19 3.8000 1 19 19

-animate the results (General Postprocessor — PlotCTrl)

11
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TimeHist Postprocessor

-review the results e.g. variation of temperature with respect to time at chosen points
(commands Define Variables i Graph Variables):

save_pe| resum_oe| quit| Powrared| ansvswes| TutoriaL| whaTsHEW]

mTime History ¥ariables - aug28a.rth

AMSYS Main Menu File Help

Preferences Hx®E S e = S 8

Preprocessor
Solution Yariable List

General Postprot |pzme Elerent  |Mode Resulk Ikerm
[S@TimeHist Posktpry

Variable View: mndd Time-History ¥ariable

Settings

— Result Tkem
Store Data
Define Yariabl Favorites
Read LSDYNA & Modal Solution

List ¥ariables )
List Extremes B DOF Solution
Graph ¥ariabl o WTemperature
Math Operatix iI Thermal Gradient

Table Operati
Smooth Data | —alculatar Thermal Flux

— o=t Claremebk Salokioe-
Generate Spe I iI
Reset Postprc

Topological Opt

M ROM Tool r | Y | [ Result Item Properties

-find the difference between the temperature in the centre of the ball and the surface —

delta T:
mTime History ¥ariables - aug28a.rth
Filz= Help
H x| Bl & & = [rone - 8 8
‘ariable Lisk
Marme |Element |Made |Result Ttem | limirum | Maximum |- |
TIME Time 0.05 S0 G
Tzew 22 Temperature 876081 842,904 .
Tien 2 Temperature 82,1317 S
Calculated 1.44368 ] [ ]

Caloulakor

| deltaT =|-{Twew}--[Tzew]-

{ | ) | |zas 1 ]| T2z -

-show the defined functions in the form of graphs
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Preprocessor
-change the element type from thermal solid to structural solid

ANSYS Main Meru @

1 Preferences
1 Preprocessor
E Element Type
Add/Edit/Delete

Switch Elem Type
Add DOF

Remove DOFs

Elerm Tech Control
Real Constants
Material Props Change element type
Sections
Modeling
Meshing

Checking Ctrls

Numbering Ctrls oK | Cancel | Help |
Archive Model
Coupling / Ceqn

FLOTRAN Set Up

Fst et Up I I N N |

-apply the boundary conditions for stress analysis (Symmetry)
-apply the nodal tempertatures as a load in stress analysis at the arbitrary point of time
tav  (file jobname.rth)

5witch Elem Type

[ETCHE] Switch Element Tvpes Depending on Analysis

hermal ko Skruc

ANSYS Main Menu @

Settings -
B Apply
= Structural
Displacement

Force/Moment I\ apply TEMP from Thermal Analysis

Pressure [LDREAD], TEMP Apply Temperature from Thermal Analysis
E Temperature
A On Lines Identify the data set to be read From the results file
24 On Areas LSTER,SESTEF, TIME
A1 On Yolumes Load step and subskep no, I I-
Z4 On Keypoints
#7 On Modes ar
24 On Node Comp Tirne-poink 1
|

Uniform Temp  Fname Mame of results file I

Z4 On Elements
Z4 On Element Co

Inertia o Aol . |
Pretnsn Sectn | PRty | ance

Gen Plane Strain
Other

@ Field surface i || INERE

Solution
- set analysis type to static
-set time=1, analysis using 1 substep (Time/Frequency)
-solve Current Load Step

General Postprocessor
-Review the results for the time tarn
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In the presented way of analysis the thermal stresses corresponding to the chosen time
tab were presented. If we want to find the history of stresses in a period of time the
corresponding history of loads for structural analysis should be built in the form of Load Step
files (Files Jobname.s i, where i is the number of the load step).

It may be also performed automatically using for example the presented below macro, which
is set of commands written using Ansys Parametric Design Lenguage (APDL).
The file may be read by the program in Solution phase using the INPUT command.

/COM, khkhkhkhkhkhkhkkhkhkhkhkhkhkhkhkhkhkkhkhkhkhhkhkhkhkhkkhkhkhkhkhkhkhkhkhkhkkhkhkhkhkhkhkhkhkkkkkk

/COM, Creation of files jobname.si for history of linear thermal stresses
/COM, The commands may be input after changing elements to structural and
/COM, after applying the adequate structural boundary conditions

*ask,case,name of the file rth (jobname) =,'file'’

*ask,time in,initial time =,1

*ask,time e,final time =,1

*ask,liczba_p,number of time segments = ,1

przyr=(time_e-time_in)/liczba p

chwila=time in

ANTYPE, 0

*DO,k,1,1liczba_p
LDREAD, TEMP, , ,chwila, ,case,'rth’,
TIME,chwila

AUTOTS, 0

NSUBST,1, , ,1

KBC,1

LSWRITE, k,

chwila=chwila+przyr

*ENDDO

Tasks and questions:

-Repeat the analysis using axisymmetric model. Compare the results.

-Find the influence of heat exchange coefficient and thermal conductivity on the results (maximum
stresses and time of cooling)

-Perform the analysis using the elasto-plastic model of the material. Why in this case residual
stresses may be expected?



